The new heteroleptic paddlewheel complexes cis-[Rh 2 (μ-form) 2 (μ-np) 2 ][BF 4 ] 2 , where form = p-ditolylformamidinate (DTolF) or p-difluorobenzylformamidinate (Fform) and np = 1,8-napthyridyine, and cis-Rh 2 (μ-form) 2 (μ-npCOO) 2 (npCOO − = 1,8-naphthyridine-2-carboxylate), were synthesized and characterized. The complexes absorb strongly throughout the ultraviolet (λ max = 300 nm, ε = 20 300 M −1 cm −1 ) and visible regions (λ max = 640 nm ε = 3500 M −1 cm −1 ), making them potentially useful new dyes with panchromatic light absorption for solar energy conversion applications. Ultrafast and nanosecond transient absorption and timeresolved infrared spectroscopies were used to characterize the identity and dynamics of the excited states, where singlet and triplet Rh 2 /form-to-naphthyridine, metal/ligand-to-ligand charge-transfer (ML-LCT) excited states were observed in all four complexes. The npCOO − complexes exhibit red-shifted absorption profiles extending into the near-IR and undergo photoinitiated electron transfer to generate reduced methyl viologen, a species that persists in the presence of a sacrificial donor. The energy of the triplet excited state of each complex was estimated from energy-transfer quenching experiments using a series of organic triplet donors (E( 3 ππ*) from 1.83 to 0.78 eV). The singlet reduction (+0.6 V vs Ag/AgCl) potentials, and singlet and triplet oxidation potentials (−1.1 and −0.5 V vs Ag/AgCl, respectively) were determined. Based on the excited-state lifetimes and redox properties, these complexes represent a new class of light absorbers with potential application as dyes for charge injection into semiconductor solar cells and in sensitizer-catalyst assemblies for photocatalysis that operate with irradiation from the ultraviolet to ∼800 nm.
■ INTRODUCTION
Worldwide energy use has been increasing since the dawn of the Industrial Revolution in the early 1800s and, according to the 2016 Key World Energy Statistics, the total world energy consumption was the equivalent of 9425 million tons of oil in 2014, which can be converted to 12.4 TW. 1 Sunlight has the potential to satisfy the global energy demands since it has been estimated that more energy strikes the earth's surface in 1.5 h than humans use in a year. 2 One challenge in harvesting the solar output is that not every photon is usable because many are scattered and the frequency of others is too low to drive useful reactions. 3, 4 But a large portion of the remaining incident light in the visible and near-infrared (near-IR) spectral regions are not absorbed by traditional photosensitizers, such that they remain unused in light harvesting and dye-sensitized applications. In fact, the extension of the dye absorption profile to utilize the solar photon flux in the red and near-infrared spectral regions was recently identified as a challenge in the field and is vital to increasing the productivity of these systems. 5, 6 In order to improve the conversion of solar energy, new molecules with excited states capable of photoredox reactions are needed with strong panchromatic absorption profiles from the ultraviolet to the near-IR ranges. 6, 7 The development of new light absorbers is critical in the fields of dye-sensitized solar, 6−8 photocatalytic, 9, 10 and photoelectrosynthetic cells. 5 Each of these methods has traditionally utilized a photosensitizer that is anchored to a p-or n-type semiconductor and undergoes hole or electron injection, respectively, upon photoexcitation, thus producing current or driving useful chemical reactions.
Ruthenium(II) polypyridyl complexes, such as the thiocyanate-based N3 dye, have dominated dye-sensitized solar cell (DSSC) research since their discovery owing to their robustness, high extinction coefficients, and sufficiently longlived excited states (≥20 ns). 8, 11, 12 However, these dyes suffer from nonradiative deactivation through thiocyanate ligands and limited absorption at wavelengths >600 nm. 6, 8, 11 Efforts using squariane, 13, 14 porphyrins, 15−17 phthalocyanines, 18 and other dyes have recently been undertaken for n-type sensitization in the red and near-IR spectral regions. There are fewer dyes currently available for hole injection into p-type semiconductors; the N3 dye does not generate photocurrent, but there has recently been promise with "push-pull" organic dyes and triphenylamine-containing systems coupled to a strong light absorber. 19, 20 Several properties of bimetallic complexes make them good candidates to function as photosensitizers, including light absorption throughout the visible and near-IR spectral ranges, directional ligand/metal-to-ligand charge-transfer (ML-LCT) states for electron and hole transfer, ability to store holes and electrons in the ligands and various oxidation states available to the bimetallic core, and large tunability of excited-state and redox properties through ligand substitution. 21−23 Dirhodium-(II,II) complexes are of particular interest owing to their facile synthesis, robustness in water and oxygen-rich environments, and the recently reported large absorption cross sections displayed by formamidinate-bridged architectures. 22, 24 The present work focuses on the investigation of the excited-state and redox properties of the series of complexes depicted in Figure 1 , cis-[Rh 2 (μ-DTolF) 2 (μ-np) 2 ][BF 4 ] 2 (1; DTolF = pditolylformamidinate, np = 1,8-naphthyridine), cis-Rh 2 (μ-DTolF) 2 (μ-npCOO) 2 (2; npCOO − = 1,8-naphthyridine-2carboxylate), cis-[Rh 2 (μ-F-Form) 2 (μ-np) 2 ][BF 4 ] 2 (3; F-form = p-difluorobenzylformamidinate), and cis-Rh 2 (μ-F-Form) 2 (μ-npCOO) 2 (4). Complexes 1−4 possess broad light absorption from the ultraviolet into the near-IR range and favorable excited-state and redox properties, making them potentially useful for dye-sensitized solar cell and photocatalysis applications.
■ EXPERIMENTAL SECTION
Materials. All reactions were performed under inert atmosphere. Syntheses involving np and npCOO were protected from light by covering reactions and manipulations when possible with aluminum foil. Sample preparations involving a sacrificial electron donor were performed in the dark. Solvents and reagents were used as received unless otherwise stated. Filtration and manipulation of synthesized complexes were performed in open air unless specifically stated. The 1,8-naphthyridine and 1,8 naphthyridine-2-carboxylic acid ligands were purchased from TCI and Life Chemicals, respectively. Acetonitrile, acetone, dimethylformamide, diethyl ether, and chloroform were purchased from Fisher Scientific and dimethyl sulfoxide was procured from Sigma-Aldrich in a sealed bottle. All other reagents were purchased from Sigma-Aldrich. A Barnstead B-Pure system was used to deionize water (18 MΩ) and acetonitrile was distilled over calcium hydride prior to use. Dimethyl sulfoxide-d 6 (DMSO-d 6 ) for 1 H NMR and time-resolved IR (TRIR) experiments was purchased in ampules from Sigma-Aldrich. Methyl viologen (MV 2+ ) dichloride was obtained from Sigma-Aldrich, and the hexafluorophosphate salt was recovered by metathesis using excess NH 4 (4) . In a manner similar to the synthesis of 2, a solution consisting of cis-[Rh 2 (F-Form) 2 (CH3CN) 6 ](BF 4 ) 2 (50 mg, 0.044 mmol) and 1,8-naphthyridine-2-carboxylic acid (28 mg, 0.16 mmol) in 20 mL distilled CH 3 CN was heated at reflux for 3 h. The reaction mixture was filtered while hot. Water (70 mL) was added to the blue solution. Crystals formed at −4°C within 24 h and were rinsed with ∼50 mL water then 25 mL ether. Yield = 23 mg, (43%). Instrumentation and Methods. 1 H NMR spectra were measured in DMSO-d 6 using a Bruker DPX 400 MHz spectrometer at 298 K. Chemical shifts (δ) given in ppm were referenced to the residual DMSO-d 6 solvent signal at 2.50 ppm. 26 Electrospray ionization mass spectra, (+)ESI-MS, were recorded in positive mode using a Bruker MicroTOF mass spectrometer by dissolving the sample in CH 3 CN prior to injection. Solid phase IR spectra were obtained using a Thermo Fisher Nicolet iS10 FT-IR spectrometer equipped with a midinfrared IR source, a XT-KBr beamsplitter, and a DTGS-KBr detector. The attenuated total reflectance (ATR) accessory used was a Smart iTRTM accessory equipped with a diamond window and spectra were the result of 16 to 32 scans. Electronic absorption spectra were collected using an Agilent 8453 diode array spectrophotometer with 1 nm resolution at 298 K using 1 cm path length quartz cuvettes. Molar extinction coefficients were determined from triplicate stock solutions consisting of a 1−2 mg sample (Mettler Toledo XSE105 DualRange) in DMSO and measured by dilution in triplicate.
Cyclic voltammetry experiments were carried out under an inert atmosphere using a BASi CV-50W potentiostat. A three-electrode cell was used with a glassy carbon disc (3 mm) working electrode, Pt wire auxiliary electrode and Ag/AgCl (NaCl) reference electrode. A 0.1 M n Bu 4 NPF 6 /CH 3 CN electrolyte solution was used with an applied scan rate of 200 mV/s. Experimental details for spectroelectrochemistry experiments are provided in the Supporting Information (SI).
Crystals of 2 suitable for X-ray diffraction were grown via slow evaporation in DMSO. The data collection was undertaken using a dark brown rectangular crystal. Examination of the diffraction pattern on a Nonius Kappa Apex II CCD diffractometer indicated a monoclinic crystal system. All work was conducted at 150 K using an Oxford Cryosystems Cryostream Cooler. The data collection strategy was set up to measure a quadrant of reciprocal space with a redundancy target of 6. Phi and omega scans with a frame width of 
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Article 0.5°were used. The data were collected using the program APEX2 and processed using the program SAINT within APEX2. 27, 28 The data were scaled, and absorption and beam corrections were made based on the multi-scan technique as implemented in SADABS. 29 The structure was solved by the direct methods procedure in SHELXT. Full-matrix least-squares refinements based on F 2 were performed in SHELXL-2014/7, 30 as incorporated in the WinGX package. 30 The asymmetric unit consists of the Rh dimer, two solvent molecules of DMSO and one molecule of water. There are intermolecular hydrogen bonds between these solvent molecules. For the methyl groups, the hydrogen atoms were added at calculated positions using a riding model with U(H) = 1.5U eq (bonded carbon atom). The torsion angle, which defines the orientation of the methyl group about the C−C or S−C bonds, was refined. The rest of the hydrogen atoms were included in the model at calculated positions using a riding model with U(H) = 1.2U eq (bonded atom). The hydrogen atoms of the water molecule were refined isotropically. The final refinement cycle was based on 11789 intensities and 656 variables and resulted in agreement factors of R1(F) = 0.042 and wR2(F 2 ) = 0.089. For the subset of data with I > 2σ(I), the R1(F) value is 0.032 for 9481 reflections. The final difference electron density map contains maximum and minimum peak heights of 1.72 and −0.56 e/Å 3 . Neutral atom scattering factors were used and include terms for anomalous dispersion. 31 Transient absorption spectroscopy with nanosecond/microsecond time resolution (nsTA) was performed on a home-built system that has been previously described in detail. 32 The frequency doubled output of a 10 Hz Nd:YAG source (532 nm, fwhm ∼8 ns, ∼5 mJ/ pulse) was used to excite the deoxygenated samples with 0.5−0.8 OD at the excitation wavelength in a 1 cm path length quartz cuvette. Femtosecond transient absorption (fsTA) experiments were performed on an instrument previously described in detail. 33 The samples were excited with 2.5 to 3.5 μJ/pulse at the sample using the frequency-doubled output of the optical parametric amplifier (OPA) signal (Coherent, OPerA Solo). The instrument response function (IRF) was determined to be 85 fs via the Kerr optical effect in cyclohexane. A 1 mm path length Harrick Scientific flow cell was equipped with 1 mm CaF 2 windows and a ∼5 mL sample volume flowed for the duration of the experiment. The polarization angle between the pump and probe pulses was set to the magic angle to avoid the effects of rotational diffusion. The measurements were all averaged for multiple retroreflector cycles and all spectra were corrected for chirp in the white light continuum. Kinetic traces were plotted and analyzed using the sum of exponential terms with Igor Pro (6.3) software. All fits differed in multiple cycles by <5% and the error of each exponential fit was generally found to be between 4 and 7%.
The instrument used to conduct ultrafast time-resolved infrared spectroscopy (TRIR) has been reported previously with modifications outlined in the SI. 34 TRIR was performed with a Ti:sapphire regenerative amplifier (Coherent, Legend; 1 kHz; fwhm = 300 fs) seeded by a short pulse oscillator (Coherent, Mantis, fwhm = < 20 fs). The complexes were excited into the red side of their lowest absorption bands using λ exc = 600 nm light for 1 and 3 and λ exc = 700 nm 2 and 4 (2 μJ/pulse) with frequency doubled output of the signal from an optical parametric amplifier (Coherent, OPerA), which was then filtered using dichroic mirrors and focused onto an optical delay line.
The triplet energies, E 00 T , of 1−4 were estimated through the quenching of the lifetimes of the long-lived triplet excited states of a series of organic sensitizers monitored by transient absorption spectroscopy. In these experiments, Stern−Volmer plots, τ o /τ vs [Rh 2 complex], were constructed using anthracene (E T = 1.83 eV, τ o = 46.5 μs), perylene (E T = 1.53 eV, τ o = 17.4 μs), rubrene (E T = 1.15, τ o = 39.5 μs), and β-carotene (E T = 0.78, τ o = 19 μs) as the energytransfer donors and 1−4 as the Rh 2 quenchers in DMSO. 35 Except for rubrene, which was excited at 532 nm (5 mJ/pulse), all other organic sensitizers were excited at 355 nm (5 mJ/pulse). Bimolecular electron transfer from 300 μM solutions of 2 or 4 to MV 2+ dichloride was determined by the addition of 100-fold excess the acceptor in 1:5 H 2 O:CH 3 CN or the PF 6 − salt in DMSO; solutions were prepared such that the complex had an absorbance of 0.5 OD at the excitation wavelength, 532 nm. Steady-state photoinitiated electron transfer was investigated using a solution of 300 μM of 2, 0.05 M 1-benzyl-1,4dihydronicotinamide (BNAH) as a sacrificial electron donor, and 2 mM MV 2+ in 1:1 CH 3 CN/H 2 O irradiated with a 150 W Xe arc lamp (USHIO) using a 610 nm long-pass filter. Low temperature absorption measurements were performed in a specially built Dewar equipped with a 1 cm quartz cell.
Molecular and electronic structure calculations were performed with standard density functional theory (DFT) methods using the Gaussian 09 package on the singlet states of 1−4 using the Ohio Supercomputer Center. 36 A 6-31g* basis set was used for all non-Rh atoms and the Stuttgart-Dresden (SDD) energy-consistent pseudopotential was used for Rh. 37 For 1 and 3, which are expected to bind solvent in the axial positions, two acetonitrile ligands were coordinated to the axial sites to provide a more realistic solution structure and to allow for comparison to previous calculations. 24 The substitution of axial CH 3 CN ligands for O-bound DMSO in 1 resulted in Rh−Rh bond lengths and HOMO− LUMO gaps that differed by less than 1%. Analysis of the Gaussian 09 outputs were carried out in GaussView 5.0.36. 38 Full optimization was performed using crystal structures of related complexes as starting points, and a polarizable continuum model was utilized to mimic the solvation effects of DMSO. Frequency and force constant analyses were carried out to confirm that the proposed structures were the global minima. The final structure of 2 was consistent with the crystallographic data for the complex. Molecular orbital compositions and analyses, as well as Mayer bond orders were completed using the AOMix program. 39 ■ RESULTS AND DISCUSSION X-ray Crystal Structure. The molecular structure of 2 was determined using X-ray crystallography and consists of a dirhodium core bridged by two DTolF − ligands and two npCOO − ligands ( Figure 2 ). The latter are coordinated equatorially through the two N atoms on the np portion of the ligand and axially though one of the carboxylate oxygen atoms, as depicted in Figure 2 and shown schematically in Figure 1 . Both rhodium axial sites are bound by the carboxylate group of each npCOO − ligand with Rh−O bond lengths of 2.251(2) and 2.247(2) Å. The Rh−Rh bond length was determined to be 2.4482(4) Å, which is similar to that reported for Rh 2 (DTolF) 4 , 2.434 Å, 40 but is slightly elongated when compared with Rh 2 (OAc) 2 (pynp) 2 [BF 4 ] 2 (pynp = η 3 -pyridyl-1,8-naphthyridine; OAc − = CH 3 COO − ), 2.408 Å. 41 Shorter Rh−Rh bond lengths are typically observed in acetate as compared with formamidinate complexes. 40 The ability of the 
Article npCOO − ligand to donate electron density at the axial positions may also contribute to elongate the Rh−Rh bond in 2, a property that is limited in the neutral pynp bridging ligand.
It should be noted that the Rh−Rh bond length in 2 is shorter than in the related series of bis-DTolF cis-Rh 2 (II,II) partial paddlewheel complexes of the type cis-[Rh 2 (DTolF) 2 -(L) 2 ] 2+ , where L represents a nonbridging, chelating bidentate ligand. For example, Rh−Rh distances of 2.597(1) and 2.5991 (9) were determined for cis-[Rh 2 (DTolF) 2 (dppz) 2 ] 2+ and for cis-[Rh 2 (F-Form) 2 (dpq) 2 ] 2+ , respectively. 22 The effect of the differences in metal−metal bond lengths on the electronic structure and excited states of these complexes will be discussed in the sections to follow.
Electronic Absorption and Electrochemistry. The steady-state electronic absorption spectra of 1−4 recorded in DMSO are shown in Figures 3 and S1, and pertinent information is listed in Table 1 . The absorption spectrum of 3 is similar to that of 1. 24 Complex 1 exhibits ligand-centered ππ* transitions at 268 (ε = 31 200 M −1 cm −1 ) and 299 nm (ε = 21 800 M −1 cm −1 ), which are consistent with those observed for the free np ligand in MeOH with peaks at 257 nm, 295, 302, and 307 nm. 42 A low-energy, broad absorption with a maximum at 577 nm (ε = 3100 M −1 cm −1 ) is also observed for 1, previously assigned as a Rh 2 (dπ*)/DTolF → np(π*) ML-LCT transition. 24 The spectral profile of 3 is similar to that of 1, but the ML-LCT transition is slightly blue-shifted to 553 nm (ε = 2800 M −1 cm −1 ). The shift is attributed to the more electron-withdrawing character of the F-Form ligand as compared to DTolF, thus removing electron density from the dirhodium core. 22 The electronic absorption spectrum of 2 in DMSO displays ππ* transitions consistent with those of the free npCOO − ligand, as well as a broad ML-LCT transition with maximum at 640 nm. The red shift of the latter relative to 1 is attributed to increased electron density on the bimetallic core upon axial anion coordination form the npCOO − ligand, making it easier to oxidize, thus lowering the energy of the ML-LCT transition. Compound 4 has a similar electronic absorption spectrum when compared to that of 2, but with a slightly blue-shifted ML-LCT maximum, 623 nm. This shift is attributed to the lower electron donating character of the F-Form ligand to the bimetallic core when compared to DTolF.
The results from cyclic voltammetry measurements are listed in Table 1 and shown in Figure S2 , which indicate that 1 and 2 exhibit reversible Rh 2 II,III/II,II couples at +0.87 V and +0.61 V vs Ag/AgCl, respectively. The less positive Rh 2 II,III/II,II couple observed for 2 as compared to 1 is attributed to the increased electron density at the rhodium metal center upon carboxylate anion coordination in the former, consistent with the red-shift of the ML-LCT transition of 2 relative to 1. The first cathodic couples for 1 and 2 are assigned as the reversible one-electron reduction of the np and npCOO − ligands in 1 and 2, at −0.94 V and −1.07 V vs Ag/AgCl, respectively. The second cathodic couples are assigned as the one-electron reduction of the second np-containing ligand in each complex, observed at E pc = −1.12 V vs Ag/AgCl in 1 and at E 1/2 = −1.28 V vs Ag/AgCl in 2. The second np-based reduction of 1 results in adsorption to the electrode, a feature that is not observed in 2. This difference in behavior may be attributed to the blocked axial sites in 2, precluding its interaction with the electrode. The shift in the Rh 2 II,III/II,II electrode potentials between 1 and 2, 260 mV, is greater than that measured between the first reduction between np and npCOO − , 130 mV, which offers evidence that the bathochromic shift in the ML-LCT absorption of 2 is primarily an effect of the increased electron density of the Rh 2 core.
The cyclic voltammograms of 3 and 4 follow similar trends to those of 1 and 2. The primary difference being that the complexes bridged by F-form ligands, 3 and 4, are more difficult to oxidize than the corresponding DTolF analogs. In 3 the Rh 2 II,III/II,II couple is observed at +1.02 V vs Ag/AgCl, which is 150 mV more positive than that of 1. In 4, the E 1/2 (Rh 2 II,III/II,II ) = +0.69 V lies at 80 mV more positive than the same couple in 2. The stabilization of the HOMO in 3 and 4 is attributed to the electron-withdrawing nature of the p-Fphenyl substituents in F-Form as compared to the electron donating p-Me-phenyl groups in DTolF, as previously reported elsewhere. 22 In general, the electrochemistry is consistent with the observed spectral shifts of the ML-LCT transitions in 1−4. Computational Studies. Electronic structure calculations were performed using Density Functional Theory (DFT) to better understand the photophysical and redox properties of 1− 4, and the resulting MO diagrams are shown in Figure 4 and electron density maps are depicted in Figure S3 . The σ*and π*-metal based orbitals of 2 are calculated to lie at higher energies than the same MOs in 1, attributed to the greater electron density between the two rhodium atoms afforded by the axially coordinated carboxylate anion, an effect also reported in other dirhodium paddlewheel complexes. 32,40,43−45 The fact that the Rh 2 (π*)/DTolF HOMO is destabilized in 2 relative to 1, is consistent with the observation that 2 is easier to oxidize than 1 ( Table 1) . The np-based LUMO of 2 is slightly destabilized relative to that of 1, also consistent with the electrochemical data (Table 1) . Complexes 3 and 4 follow the same trends as 1 and 2, with small shifts associated with the less electron-donating F-Form bridging ligand relative to DTolF. These effects include slightly lower energy calculated Rh 2 (π*)/ F-form HOMO in 3 as compared to the Rh 2 (π*)/DTolF HOMO in 1, making the former slightly more difficult to oxidize, as observed experimentally (Table 1) .
The electron densities of the HOMOs of 1−4 are calculated to possess mixed Rh 2 (dπ*)/formamidinate character, while the electronic contributions of the LUMO and LUMO+1 are localized on a naphthyridine π* molecular orbitals of np in 1 and 3 and npCOO − in 2 and 4. The increase in the energy of the occupied Rh 2 MOs with dπ* and dσ* character in 2 and 4 relative to 1 and 3, respectively, is consistent with an increase in covalent bonding between the two rhodium centers. To determine the relative changes in Rh−Rh covalency, Mayer bond order calculations were performed, which provide a measure of the covalency vs ionicity of bonds and have been shown to afford useful information in transition metal systems. 46, 47 While there are no significant differences between the calculated Rh−Rh bond distances, the calculated Mayer bond order increases from 0.57 in 1 and 3 to 0.78 in 2 and 4. These results are indicative of greater covalent character between the two metals in the axially coordinated npCOO − complexes, 2 and 4, as compared to 1 and 3.
Time-Resolved Infrared Spectroscopy. The groundstate IR spectrum of 1 exhibits two asymmetric ν(NC−N) DTolF stretches at 1507 and 1577 cm −1 , and a weaker absorption band at 1608 cm −1 , labeled ν(form) in Table S1 (Figure 5a ). The weak peak at 1364 cm −1 is attributed to phenyl ring stretches of the DTolF ligand, ν(Ph-form). Peaks at similar positions are also observed in the IR spectra of related Rh 2 (II,II) complexes bridged by DTolF ligands (Figure S4 ). 40 The excitation of 1 with a 600 nm pulse (IRF ≈ 170 fs, 2 μJ) results in negative ground-state bleach features at 1343, 1492, 1576 cm −1 , and 1608 cm −1 (weak), all of which recover with a lifetime of ∼420 ps ( Figure S5) .
Concomitant with the appearance of ground state bleach features are positive excited-state absorption signals at 1312 cm −1 assigned as arising from ν(Ph-form), and two ν(form) peaks at 1462 and 1516 cm −1 . The signal at 1516 cm −1 decays biexponentially with lifetimes of 16 and 424 ps. The shift of these bands to lower energies relative to the corresponding ground-state peaks indicate the loss of electron density from the formamidinate ligand in the excited state, consistent with a Rh 2 (dπ*)/DTolF → np(π*) ML-LCT excited state. The positions of these excited-state peaks are similar at short and long times indicating similar electron density, such that the 16 and 424 ps components are assigned as arising from the lifetimes of the 1 ML-LCT and 3 ML-LCT excited states of 1, respectively. This assignment is supported by the kinetics of the bleach signals at 1492 cm −1 and 1576 cm −1 , which lack the 16 ps time constant.
While sub-picosecond intersystem crossing (isc) rates are relatively common in transition metal complexes, 48,49 some bimetallic complexes behave in a manner that parallels traditional organic molecules, including diiridium(I,I) pyrazolyl, diplatinum(II,II) pyrophosphito, dirhodium(I,I) isocyanide, and a number of quadruply bonded ditungsten and dimolybdenum carboxylates. 50−53 These bimetallic complexes exhibit relatively long singlet lifetimes, ranging from 15 ps to 1.6 ns. 50−53 In addition, cis−Rh 2 (II,II) partial paddlewheel complexes featuring DTolF and F-form bridging ligands also exhibit 1 ML-LCT states with lifetimes of 16 to 100 ps. 22 The slower isc rates in bimetallic complexes may be attributable to the rigidity of the paddlewheel architecture. Lower isc rates in 
Article diplatinum paddlewheel and chromium acetylacetonate complexes were previously attributed to a more rigid ligation sphere. 51, 54 The ground-state IR spectrum of 2 features strong DTolF ν(form) peaks at 1497 and 1580 cm −1 and a weaker band at 1597 cm −1 . The ν(Ph-form) peak appears at 1338 cm −1 and additional carboxylate stretches of the npCOO − ligand are observed at 1426 and 1633 cm −1 (Figure 5b) . The TRIR spectra of 2 obtained upon 700 nm excitation (IRF ≈ 170 fs, 2 μJ) exhibit ground state bleach signals at 1347, 1434, 1503, 1570, and 1627 cm −1 (Table S1 ). Unlike complex 1, the ground-state features do not recover over the course of the experiment (2.8 ns), such that transient species with τ > 5 ns must be present. This point is most evident in the DTolF ν(form) bleach signal at 1503 cm −1 , which does not shift or change in intensity between 1 ps and 2.8 ns. The positive ν(Phform) signal at 1313 cm −1 decays to ∼60% of its initial intensity with τ ≈ 7 ps, but does not change further throughout the experiment. These features parallel those observed for 1, leading to the hypothesis that the initially populated 1 ML-LCT state decays with a time constant of ∼7 ps to populate a longlived 3 ML-LCT state (τ > 5 ns).
It is evident from the TRIR spectra of 2 shown in Figure 5b that there are changes to the bleach signals at 1570 and 1627 cm −1 at early times, but after ∼20 ps they remain relatively constant and persist up to the longest time point of the experiment, 2.8 ns. The bleach at 1570 cm −1 appears to become more negative and shift to lower energies, whereas that at 1627 cm −1 appears to decrease in intensity. These observed changes in the negative signals are ascribed to the superposition of a positive ν(npCOO − ) feature ( Figure S6 ) positioned between the two ground-state bands, at ∼1580 cm −1 , that shifts to higher energy at later times to ∼1610 cm −1 . The growth of the 1610 cm −1 peak takes place with a time constant of 7 ± 2 ps. This band is assigned to a carboxylate stretch of the npCOO − ligands due to its position, high intensity, and the absence of this peak in 1. The shift of the carboxylate signal from 1633 cm −1 in the ground state to 1590 cm −1 upon excitation points at a weakening of the axial Rh−O bond in the 1 ML-LCT excited state, followed by a shift to higher frequencies and regaining some of the axial bond strength as the system intersystem crosses into the 3 ML-LCT state with a time constant of ∼7 ps. A similar trend is also observed for the excited-state carboxylate signal at 1380 cm −1 in the 1 ML-LCT state, which shifts to 1390 cm −1 in the 3 ML-LCT state.
The IR spectra observed for complexes 3 and 4 are shown in Figure S3 and parallel those for 1 and 2, respectively, with 1 ML-LCT and 3 ML-LCT lifetimes listed in Table 1 . The most significant difference is the shift in the IR stretches of the of DTolF and F-form ligands apparent in the ground and excited states ( Figure S7) .
Transient Absorption Spectroscopy. The femtosecond transient absorption (fsTA) spectra of 1 in DMSO are shown in Figure 6a (λ exc = 600 nm, IRF = 85 fs). At early times, 600 fs, a single broad band is observed that extends from 350 to 550 nm, however, it is apparent that the feature with maximum at ∼400 nm decays with a concomitant increase in the band at ∼470 nm, resulting in a signal with maximum at 485 nm at 425 ps. It should be noted that strong absorption is also observed in the 620−660 nm range; however, scattered light from the 600 nm pump pulse obstructed the collection window in the 540− 620 nm region. The decrease in intensity at λ > 500 nm is ascribed to the onset of the strong ground-state absorption with a maximum at 577 nm. The peak at ∼500 nm increases with a time constant of 11 ps whereas that at 400 nm decreases over 12 ps. The strong absorption at 645 nm can be fitted to a biexponential decay with τ 1 = 13 ps (22%) and τ 2 = 445 ps (78%) ( Figure S8 ).
The observed spectral features are consistent with oxidation of 1 to the corresponding Rh 2 III,II cation, where the positive charge is localized in the HOMO with DTolF (68%) and Rh 2 (26%) character, and reduction of one of the np ligands (LUMO). The spectroelectrochemistry of 1, shown in Figure  S8 , features a broad peak between 340 and 500 nm and strong absorption with maximum at ∼680 nm upon one-electron oxidation (E app = +1.25 V vs Ag/AgCl). There are relatively small changes upon electrochemical reduction of 1, but there is a small peak at 350 nm with a shoulder at 445 nm. The broad signal observed in the fsTA spectra is consistent with the positions and superposition of these peaks. These results are in agreement with the assignment from the TRIR data for 1, where the short and long components were attributed to 1 ML-LCT and 3 ML-LCT excited states, respectively.
The fsTA spectra of 2 upon 700 nm excitation (IRF = 85 fs) reveals similar spectral features to 1, with a broad peak with maximum at 595 nm at 700 fs (Figure 6b ). The superposition the ground state bleach at 490 nm ( Figure 3 ) gives rise to another apparent peak with maximum at 450 nm. The broad 595 nm band blue-shifts to 545 nm with a lifetime of 7 ps (Figure 6b ); no further spectral shifts or signal decay is observed after ∼20 ps for the duration of the experiment (2.8 ns). Transient absorption spectroscopy of 2 with 532 nm (fwhm ∼8 ns) excitation reveals that the long-lived state decays with a τ ≈ 25 ns, a value that is close to the instrument response function (17 ns).
The broad absorption in the 500−640 nm range is consistent with the superposition of the spectra of the species obtained upon electrochemical reduction (E app = −1.40 V vs Ag/AgCl) Figure 6 . FsTA spectra of (a) 1 (λ exc = 600 nm, 2 μJ) and (b) 2 in DMSO (λ exc = 700 nm, 2 μJ). and oxidation (E app = +0.950 V vs Ag/AgCl) of 2 ( Figure S8 ). Based on these results, the TRIR data, and a comparison to 1, the 7 ps component in 2 is assigned as arising from the 1 ML-LCT excited state which then generates the 3 ML-LCT state, and the latter decays with τ ≈ 25 ns. The differences in the lifetimes of 1 and 2 are ascribed to the axial coordination of the carboxylate in the latter. The solvent-coordinated axial positions in 1 aid in nonradiative decay pathways, while 2 has a similar excited state without comparable solvent-assisted deactivation pathways available.
Based on the TRIR data, it appears that the 3 ML-LCT state of 2 possesses greater metal character than the 1 ML-LCT, evidenced by the strengthening of the rhodium-carboxylate bond. The shifts observed at early times in the fsTA spectrum of 2 as the system intersystem crosses may correspond to greater mixing with higher lying metal-centered MOs, such as Rh 2 (dσ*), in the triplet manifold than in the lowest energy singlet state. Such mixing would both impart greater Rh 2 character to the MO in which the hole is localized and provide enhanced overlap with the antisymmetric linear combination of the axial oxygen lone pairs, thus strengthening the Rh−O bonds. It has previously been shown in dirhodium formamidinate complexes that the triplet manifold has significant metal centered character. 22 Complexes 3 and 4 exhibit similar transient absorption spectra to those of 1 and 2, respectively ( Figure S9 ). The 1 ML-LCT and 3 ML-LCT lifetimes for 3 were measured to be 9 and 580 ps, whereas those for 4 were 9 ps and 22 ns, respectively.
It should be noted that the charge-transfer character of the lowest energy excited state in complexes 1−4, which contain a μ 2 -napthyridine bridging unit, is different than those previously observed for related dirhodium formamidinate complexes of the type cis-[Rh 2 (DTolF) 2 (L) 2 ] 2+ (L = dpq, dppz). In the latter, the ligand L coordinates in a κ 2 binding mode. to each metal. Unlike 1−4, the lowest energy triplet excited states in these chelated compounds are metal-centered, 3 MC, with Rh(dπ*)-to-Rh(dσ*) character. 22 The difference in lowest triplet excited state between these two types of systems is attributed to the significantly higher energy of the Rh 2 (dσ*) orbitals in 1−4, evidenced by the shorter Rh−Rh crystallographic bond length of 2.4482(4) Å in 2 as compared to those of cis-[Rh 2 (F-Form) 2 (dpq) 2 ] 2+ and cis-[Rh 2 (DTolF) 2 -(dppz) 2 ] 2+ , 2.597(1) Å and 2.5991(9) Å, respectively.
Excited-State Energies and Redox Reactivity. Complexes 1−4 are not emissive at room temperature or 77 K, such that the energy of the 3 ML-LCT, E 00 T , of the complexes cannot be readily obtained from the luminescence. Instead, a series of organic molecules with varying 3 ππ* energies were utilized to estimate E 00 T of 1− 4. In these experiments, the organic sensitizers were used as energy-transfer donors (EnDs) from their long-lived 3 ππ* excited states. The monoexponential decay of the transient absorption signal form each EnD was monitored as a function of Rh 2 complex concentration, permitting the generation of Stern−Volmer plots, τ o /τ vs [Rh 2 ], for each EnD/Rh 2 pair and calculation of the energytransfer quenching rate constant, k En T , from the slope of each plot.
As an example, Figure S11 shows the kinetic traces for decay of the 3 ππ* state of anthracene, with energy E T = 1.83 eV, 35 Table S1 . Oxidative and reductive quenching of the 3 ππ* states have been ruled out based on the lack of charge-transfer products in the transient absorption spectra. Moreover, for all the EnD/Rh 2 complex pairs, charge transfer from the EnD 3 ππ* state to 1−4 is calculated to be thermodynamically unfavorable. In addition, the quenching rate constants do not follow a trend of ease of reduction/oxidation of the quenchers, as would be expected for oxidative/reductive quenching.
The values of k En T decrease with the 3 ππ* energy of the EnD, E T . Complexes 1−4 quench the 3 ππ* states of sensitizers with E T ≥ 1.15 eV, but do not affect the lifetime of β-carotene, with E T = 0.78 eV (Table S1 ). 35 There is a large decrease in the energy-transfer rate constants of rubrene (E T = 1.15 eV, k En T ≈ 10 8 M −1 s −1 ) by 1−4 relative to those measured for perylene (E T = 1.53 eV, k En T ≈ 10 9 M −1 s −1 ). These results lead to the estimation that the 3 ML-LCT states of 1−4 lie ∼1.1 eV above the ground state.
The injection of electrons and holes into semiconductors is known to primarily take place from singlet states, including in Ru(II) complexes with sub-picosecond 1 MLCT lifetimes. 6, 55 Therefore, it is also important to estimate the 1 ML-LCT energies of 1−4, E 00 S , especially given the picosecond singlet lifetimes of these Rh 2 complexes. A value of E 00 S ≈ 1.7 eV was estimated by the absorption spectrum of 2 at 77 K in an EtOH:MeOH (5:1) glass, which shows little vibronic progression in the lowest 1 ML-LCT transition but does have a large absorption onset at ∼710 nm (∼1.7 eV; Figure S13 ). Using this method, E 00 S energies of 2.0, 2.1, and 1.8 eV were estimated from the 77 K absorption for 1, 3, and 4 ( Table S3 ).
The values of E 00 S and E 00 T , together with the measured oxidation and reduction potentials (Table 1) , were used to estimate the singlet and triplet excited-state oxidation and reduction potentials ( 1 *E ox / 3 *E ox and 1 *E red / 3 *E red ) of 1−4, respectively (Table S3 ). The Latimer diagram in Figure 7 was derived for 2, using E red = −1.1 vs Ag/AgCl and E ox = +0.6 V vs Ag/AgCl and the calculated values of *E ox and *E red for the singlet and triplet states with E 00 S ≈ 1.7 eV and E 00 T ≈ 1.1 eV. Based on the values of 1 *E ox ≈ −1.1 V and 3 *E ox ≈ −0.5 V vs Ag/AgCl (Figure 7) , both the 1 ML-LCT and 3 ML-LCT excited state are expected to possess sufficient energy for the reduction of n-type semiconductors, such as anatase TiO 2 (E CB = −0.4 V vs Ag/AgCl). 56 Similarly, with 1 *E red ≈ +0.6 V, complex 2 should be able to oxidize p-type semiconductors, such as NiO (E VB = +0.2−0.3 V vs Ag/AgCl). 57 These values are similar to comparable sensitizers. Commonly used dyes for TiO 2 sensitization such as squareine and N3 dye have singlet excited-state oxidation potentials of −1.1 and −1.3 V vs Ag/ AgCl, 14, 58 respectively, while commonly used p-type dyes on NiO have singlet excited-state reduction potentials spanning +0.8 to +1.4 V vs Ag/AgCl, 59 which are more favorable than complex 2 (+0.6 V vs Ag/AgCl), but similar to complexes 1 and 3 (+1.1 and +1.2 V vs Ag/AgCl, respectively).
In order to show that these Rh 2 (II,II) complexes are redox active upon irradiation, the ability of 2 to undergo bimolecular excited-state electron transfer to MV 2+ was probed. The 3 ML-LCT excited state of 2 is sufficiently long-lived, τ ≈ 25 ns, with 3 *E ox = −0.5 V vs Ag/AgCl, has a favorable driving force to form reduced MV 2+ , where E 1/2 (MV 2+/+ ) ≈ −0.40 vs Ag/AgCl in polar organic solvents. 60 The excitation of 2 (300 μM) with 532 nm light (fwhm ∼8 ns) in the presence of MV 2+ (30 mM) in either DMSO or H 2 O:CH 3 CN mixtures resulted in the observation of the well-known spectral features of the oneelectron reduced MV + radical at 395 and 605 nm, which persisted on the order of microseconds ( Figure S12 ). 61 In order to gauge the usefulness of 2 in a multicomponent system, the sacrificial electron donor BNAH (0.7 M) was added to a solution of MV 2+ (50 mM) and 2 (300 μM). Steady-state photolysis (λ irr > 610 nm) over the course of 5 min resulted in the formation of the blue color and electronic absorption spectrum associated with MV + radical ( Figure S14 ). In this multicomponent system, MV 2+ is reduced by the 3 ML-LCT excited state of 2, followed by reduction of the oxidized complex by BNAH. This mechanism is consistent with the observation of the MV 2+ reduction observed in the transient absorption experiments in the absence of BNAH and the unfavorable driving force calculated for the excited-state reduction of 2 ( 3 *E red ≈ 0.0 V) by BNAH (E 1/2 (BNAH +/0 ) = +0.615 V in CH 3 CN vs Ag/AgCl).
■ CONCLUSIONS
A series of dirhodium paddlewheel complexes, 1−4, that absorb from the ultraviolet to the near-IR were synthesized and their redox and photophysical properties were characterized. The 1 ML-LCT and relatively long 3 ML-LCT excited states of the complexes were investigated using transient absorption and time-resolved IR spectroscopies. Complexes 2 and 4 have E 00 T and E 00 S values of ∼1.1 and ∼1.7 eV, respectively. The 3 ML-LCT of 2 undergoes electron-transfer reactions upon excitation with low energy light. In general, these represent a new class of complexes with panchromatic absorption that extends well beyond the absorption spectra of typical Ru(II) dyes used in solar cells. The excited-state redox reactivity shown for these complexes, coupled with the extended absorption profile, makes them a potential new class of dyes for solar energy conversion applications, including dye-sensitized solar cells and light absorbers in photocatalysis for the production of fuels from abundant sources.
